I. INTRODUCTION
ESTABLISHING the effects of Cu x Al y phases on the nucleation of Cu 6 Sn 5 and b-Sn in Pb-free solder alloys is a subject of continuing interest given the need for Pb-free alloys with better fatigue properties and, hence, with smaller b-Sn grain sizes. Some effects of Cu x Al y on Cu 6 Sn 5 intermetallic compound (IMC) formation have been well established. Xian et al. determined that a heteroepitaxial relationship exists between Cu 6 Sn 5 and both the Cu 33 Al 17 (d) and the Cu 9 Al 4 (c 1 ) phases. [1] This led to the observation that, even with small additions of Al (0.05 wt pct) to Sn-Cu alloys, and hence a low-volume fraction of Cu x Al y phase, the number of primary Cu 6 Sn 5 particles after initial solidification increased by a factor of seven, while the length of the extracted Cu 6 Sn 5 particles decreased by a factor of four. [2] After isothermally aging for one week at 523 K (250°C), the Cu 33 Al 17 (d) particles showed little coarsening and segregated to the top of the sample due to IMC's density relative to liquid-Sn (as shown previously [3] ). No results were provided on changes in the Cu 6 Sn 5 particle size or morphology from the isothermal hold. [2] Given the need for multiple solder joint melting and solidification (reflow) cycles during microelectronics manufacturing, microstructural evolution over the course of multiple heating and cooling cycles must be tracked to determine its viability as a commercial alloy. In Part I, it was shown that the size, distribution, and morphology of Cu x Al y particles could be controlled by rapid solidification processing (RSP) of three different Sn-Al-Cu alloys from homogeneous liquids at 1473 K (1200°C), with the morphologies varying as a function of both composition and cooling rate. In particular, the orientation relationship between Cu x Al y and Cu 6 Sn 5 (identified by Xian et al. in References 1 and 2) worked in tandem with RSP to reduce the average particle size of both phases into the submicron range. [4] Part II of this study focuses on analysis of the Cu x Al y and Cu 6 Sn 5 IMC after multiple solder reflow cycles [1-5 cycles , 293 K to 523 K (20°C to 250°C)] via differential scanning calorimetry (DSC). With IMC particle size refinement realized by RSP for both Cu x Al y and Cu 6 Sn 5 over a range of alloy compositions, the coarsening behavior (particle stability and dispersion) of the Sn-Cu-Al solder IMC when subject to multiple reflow cycles must be evaluated. The microstructures resulting from reflow were analyzed in terms of the resulting IMC morphologies, the relative association between the two IMCs phases, and changes in IMC average particle size and size distributions.
II. EXPERIMENTAL VARIABLES AND PROCEDURES
The two alloys chosen were (1) the drip atomized (DA) Sn-2.59Cu-0.43Al at. pct (Sn-1.41Cu-0.1Al wt pct) alloy with an estimated cooling rate of 10 4°C /s and (2) the melt spun ribbon (MSR) Sn-5.39Cu-1.69Al at. pct (Sn-3.0Cu-0.4Al wt pct) alloy produced at a 5-m/s wheel speed with an estimated cooling rate of 10 5°C /s. The production of the rapidly solidified DA and MSR alloys was described in Part I. [4] The as-solidified cooling rates for the DA and 5-m/s MSR samples were estimated at 10 4°C /s and 10 5°C /s, respectively. The rapidly solidified alloys were selected due to the small sizes of Cu x Al y and Cu 6 Sn 5 IMC particles produced by RSP and the differences in Cu 6 Sn 5 stability and morphology between the two alloys, as described in Part I. [4] The predicted solidification paths (with and without the ternary-b phase) can be found in Figures 1(a) through (f) in Part I of this study. [4] There was little evidence for the formation of the ternary-b phase; therefore, the solidification paths without the ternary-b phase are used to discuss the reflow results reported here [Part I: . [4] Both alloys show high-temperature stability of the Cu x Al y phase, up to~698 K (~425°C ) for the DA alloy and~803 K (~530°C) for the MSR alloy, with Cu x Al y formation predicted to be complete bỹ 548 K and~598 K (~275°C and~325°C), respectively. The Cu x Al y phase within both alloys is stable at the maximum reflow temperature of 250°C; therefore, it is not expected that the total volume of Cu x Al y particles will change during reflow cycling. The DA solidification path predicted that Cu 6 Sn 5 is unstable above~513 K (~240°C), meaning that the phase should melt above~513 K (~240°C ) during reflow cycling [293 K to 523 K (20°C to 250°C )]. In contrast, the MSR sample composition exhibits higher temperature stability of the Cu 6 Sn 5 phase, up tõ 540 K (~267°C), and therefore, the phase should only partially melt (~76 pct) during reflow cycling. In addition, the as-solidified DA (DAS) composition showed significantly more faceting of Cu 6 Sn 5 particles than did the MSR composition in the Part I study. [4] A. DSC Reflow Cycling
To assess the coarsening behavior of the Cu x Al y particles and to track the morphology of the Cu 6 Sn 5 phase throughout multiple reflow cycles after initial RSP, samples of the DAS and the 5-m/s MSR were reflowed in controlled DSC experiments. Compositions and original casting RSP treatments for each Sn-Cu-Al solder alloy are listed in Table I .
Samples of each alloy were exposed to 1-5 consecutive reflow cycles in a Perkin-Elmer Pyris 1 power compensating DSC, calibrated to the melting temperature of pure indium, from 293 K to 523 K (20°C to 250°C) in sealed aluminum sample pans. Two experiments were performed per reflow cycle (1-5) for both samples. The MSR sample was cut into segments for each sample, and a minimum of three DAS spheres were measured for each DA reflow (DAR) cycle sample. (The number of DAS spheres available for testing was limited due to low production yield during the DA process, which was~0.2 pct of the alloy melt due to clogging of the atomizer nozzle.) The DAR spheres remained separated during each cycle, leading to DSC signals for each sphere during cooling. The samples were heated from 293 K to 523 K (20°C to 250°C) at 20°C/min (0.33°C/s), held at 523 K (250°C) for 1 minute (60 s), and then cooled to 293 K (20°C) at 10°C/min (0.17°C/s). The samples were then held at 293 K (20°C) for 1 minute (60 s), and the cycle was repeated as per the number of cycles assigned to a given sample. It should be noted that the In addition to the reflow experiments, an additional alloy was cast in a book mold with the composition of Sn-2.59Cu-0.43Al at. pct to compare morphologies with the DAR sample. A 4000-g casting was formulated from elemental Sn, Cu, and Al, all of 99.9 pct purity, using a high-purity Al 2 O 3 crucible fitted with a high-purity Al 2 O 3 stopper rod over the bottom pouring orifice. The charge was heated under dynamic (diffusion pumped) vacuum to 200°C , and the furnace chamber was backfilled with high-purity Ar (> 2 ppm O 2 ) to 0.17 atmospheres. Induction heating was continued to 1473 K (1200°C) and held for 20 minutes to ensure good homogenization of the alloy liquid before bottom pouring into a watercooled Cu ''book'' mold (rectangular cross section, 25.4 mm across) with a pure Cu bottom ''pad'' on the mold bottom. The estimated cooling rate for the book mold alloy ranged from 500 to 1000°C/s.
C. Metallography, Scanning Electron Microscopy (SEM), and Particle Analysis
The metallography and deep etching techniques follow the same procedures described in Part I. [4] Morphologies of the MSR reflow cycled samples and a deep etched sample from the book mold alloy were identified through backscatter electron (BSE) and secondary electron (SE) modes at 5 keV on a FEI Quanta-250 Field Emission SEM at Iowa State University's Materials Analysis and Research Laboratory (MARL) microscopy facility*. SEM images of the DAR samples were obtained in BSE mode at 20 keV on a FEI Quanta 3-D Field Emission Dual-beam SEM at the Purdue Life Science Microscopy Facility (LSMF).** Particle size diameters, distributions, and volume percentages for the Cu x Al y and Cu 6 Sn 5 phases were measured using the ImageJ software particle analysis toolkit, which is freely available from the National Institutes of Health (NIH), and were compared with the results from Part I on the as-solidified alloys. [4, 5] 
III. RESULTS AND DISCUSSION
It was expected that a small increase in particle size of the Cu x Al y IMC particles may occur over the course of the reflow cycling and that the morphology, average size, and particle size distribution of the Cu 6 Sn 5 IMC would depend on the alloy composition for the reasons described earlier. For example, if the Cu 6 Sn 5 phase melts fully during the reflow cycling, as in the DAR alloy, an increase in Cu 6 Sn 5 particle size would be expected after the first reflow cycle due to the slower cooling rate than during RSP, but no progressive coarsening with additional cycles would be expected. If the Cu 6 Sn 5 phase does not melt completely during reflow, as in the MSR sample, one might expect progressive coarsening of the phase with increased number of reflow cycles.
The observed undercoolings, Cu x Al y , and Cu 6 Sn 5 IMC particle sizes, particle size distributions, morphologies, and degree of association between the two IMC phases are presented as follows. The results are then discussed in terms of the effect of the Cu 6 Sn 5 temperature stability and b-Sn undercooling on the resulting microstructures and the ability to maintain preferred nucleation of Cu 6 Sn 5 from the Cu x Al y surfaces during reflow cycling.
A. DSC Reflow of DA Samples (Sn-2.59Cu-0.43Al At.
Pct)
The DSC results from the consecutive reflow cycles of the DAR samples are found in Table II (Figures 1 and 2 ), as observed previously in similar experiments by Arfaei et al. [6] These observations of large undercoolings after reflow are counter to previous observations that Al additions promote lower b-Sn undercooling for Pb-free solder alloys. [3, [7] [8] [9] [10] [11] The results with DAR spheres may be analogous to small droplet experiments on pure Sn performed by Vonnegut, [12] Pound and La Mer, [13] Turnbull, [14, 15] and Perepezko. [16] For a fixed number of nucleating heterogeneities per volume, there is a lower probability that a droplet will contain a nucleating heterogeneity and therefore will exhibit larger undercoolings as the size of a metal droplet decreases. The same process may be at work in these experiments with 260-lm-diameter DAR spheres supported on the nonwetting aluminum DSC sample pans. Representative DAS microstructures are presented in Figure 3 , and the IMC particle data for both phases is shown in Table III . The average as-solidified Cu x Al y particle size was 0.5 ± 0.2 lm, with a Cu x Al y volume percentage of 0.6 ± 0.1 pct, which matches the theoretical volume percentage of 0.59 pct for the phase in the DAS alloy composition. The average as-solidified Cu 6 Sn 5 particle size was 0.6 ± 0.3 lm, with a Cu 6 Sn 5 volume percentage of 1.2 ± 0.1 pct, which is consistent with the theoretical volume percentage of 1.22 pct for the alloy composition. As shown in Figures 3, 7 , and 8(b) of Part I, [4] the DAS composition displayed a distinct spatial relationship between the Cu x Al y and Cu 6 Sn 5 phases. [4] Hexagonal Cu 6 Sn 5 rods are seen attached to the surfaces of the Cu x Al y particles from which they have apparently grown. The parallel formation of the Cu 6 It should be noted that the orientation relationship identified in the DA alloy is based only on observed microstructural features, such as faceted, anisotropic Cu 6 Sn 5 microstructures and angles between adjacent phases. Measurements of the specific orientation relationships for this alloy via electron backscatter diffraction (EBSD) and/or transmission electron microscopy (TEM) are planned for future studies.
The IMC particle size and volume percentage data for the Cu x Al y and Cu 6 Sn 5 phases in the DAR experiments are presented in Table III as a function of number of reflows. Representative microstructures from the DAR spheres are found in Figure 4 . By comparing the Cu x Al y particle size in the as-solidified spheres to the DAR samples, the Cu x Al y phase displayed little-to-no particle coarsening. The average Cu x Al y particle size measured after one reflow cycle was 0.5 ± 0.1 lm, whereas the average Cu x Al y particle size after five reflow cycles was measured at 0.7 ± 0.3 lm. Clustering of the Cu x Al y particles after reflow cycling was noted for all cycles, as seen in Figure 4 , particularly in Figures 4(A(3) ), 4(E(2)), and (E(3)). The volume percentage of Cu x Al y phase was 0.5 ± 0.2 pct after one reflow cycle and progressively increased as reflow cycling continued, up to a value of 4.0 ± 1.5 pct after five reflow cycles. In several cross sections of the DAR spheres, the Cu x Al y particles were also found near the surface of the spheres or near the edges of the cross-sectional images. This is possibly due to a combination of the buoyancy of the particles within the liquid-Sn [3] and the possibility of the particles being pushed ahead of the solidification front during b-Sn solidification. There was no reason to expect any change in volume percentage to occur with progressive reflow cycling. One possible explanation for the observed increase in volume percentage with no increase in particle size is the increasingly heterogeneous distribution of the Cu x Al y particles after cycling, leading to difficulties in obtaining representative distributions from the 2-D cross sections. Serial sectioning with SEM/EDS, and EBSD measurements of a larger number of spheres than were available for these experiments will be needed in future experiments to understand the cause of the observed microstructure evolution. The change in the average particle size of the Cu x Al y IMC as a function of reflow cycles is shown in Figures 5(a) and 6(a) and (b) compare the Cu x Al y particle size distribution of the DAS sample with the DAR sample after five consecutive reflow cycles. The two distributions are similar, with a slight broadening of the distribution noted in the reflowed sample after five cycles.
The effect of maximum hold temperature on average particle size can be illustrated by comparing the Cu x Al y size distribution after reflow (cooled from 523K (250°C) at 10°C/min) with the DSC cooled (Sn-2.29Cu-0.86Al at. pct) sample in Part I (cooled from 1473 K (1200°C) at 10°C/min). [4] The DSC sample had an average Cu x Al y particle size of 60 ± 15 lm,~1009 larger than the average Cu x Al y particle size particles after five reflow cycles. This significant difference between the two alloys can be explained using the solidification paths for the two alloy compositions [Part I: Figures 1(d) through  (f) ]. The DSC cooled sample from Part I was heated to 1473 K (1200°C), above the melting point of the Cu x Al y phase [723 K (~450°C)] and was then cooled slowly. This slow cooling from high temperature allowed for the formation and growth of large Cu x Al y particles. In contrast, the DAR alloy, which contained fine Cu x Al y particles, was reheated to 523 K (250°C) [significantly below the Cu x Al y melting temperature of~703 K (~430°C )] and displayed little coarsening (or Ostwald ripening). [4, 17, 18] Clusters of Cu x Al y particles can be seen throughout the DAR microstructures in Figure 4 . In addition to the general clustering of particles, it was also observed through high-magnification SEM imaging that many of what looked like individual Cu x Al y particles at lower magnifications were actually multiple small Cu x Al y particles attached and possibly sintered together. Several such Cu x Al y particle clusters are seen in Figure 7 (a), with multiple Cu x Al y particles appearing to have joined along faceted interfaces during reflow. This sort of clustered, multiparticle formation was not observed in the DAS sample. Similar Cu x Al y particles (1-4 lm) were observed to have clustered in the Sn-2.59Cu-0.43Al at. pct alloy solidified in a book mold, with an estimated cooling rate of 500 to 1000°C/s. The composition of the Cu x Al y phase within the book mold sample was 68.0 ± 1.0 at. pct Cu and 29.6 ± 1.2 at. pct Al, placing the IMC within the Cu 9 Al 4 (c) phase field. Microstructures of Cu x Al y particles in the book mold sample obtained by deep etching can be seen in Figures 7(b) and 8. Figure 7 (b) illustrates four Cu x Al y particles joined along faceted interfaces, with evidence of particle sintering seen through the rounded curvatures of the contact points. This sintered multiparticle morphology seen clearly within the deep etched book mold samples appears to be the same clustering phenomenon observed in 2-D for the DAR sample. Therefore, any increase in Cu x Al y particle size with increased number of thermal cycles within the DAR alloy can likely be attributed to particle clustering rather than to actual Cu x Al y particle coarsening.
Based on the symmetry of the faceting of the Cu x Al y particles in the book mold sample, the Cu 6 Sn 5 rods were found in one of the three geometrical relationships to one another: intersecting at 90 deg (Figure 8(a) ), growing parallel to one another, or intersecting at Table III . Little-to-no coarsening is seen within the Cu x Al y particle phase in (a), and (b) shows the overall jump in Cu 6 Sn 5 particle size after the first reflow cycle and the bimodal Cu 6 Sn 5 particle size within the sample. approximately 70 deg angles (Figure 8(b) ). The commonality of the 70 deg angle relationship between intersecting Cu 6 Sn 5 particles was also noted by Xian et al. [2] It is also worth noting that the Cu x Al y particle seen in Figure 8 (b) has the shape of a deltoidal icositetrahedron [shown in the bottom left-hand corner of Figure 8(b) ], which is the equilibrium shape of crystals that share the m3 point group. A deltoidal icositetrahedron is a Catalan solid with 24 vertices, 48 edges, and 26 faces, with the dihedral angle between two faces equal to 138 deg. [19] The Cu 33 Al 17 (d) phase has a rhombohedral c-brass structure and a space group of R3m, while the Cu 9 Al 4 (c) phase has a cubic c-brass structure and a space group of P43m [20, 21] Measurement of the dihedral angle between kite faces of the faceted polyhedron particle in Figure 8 (b) resulted in an average angle of 142 deg ± 2.4 deg, which matches well with the dihedral angle of the deltoidal icositetrahedron.
In comparison with the DAS alloy, the most significant microstructural change in the DAR samples was the formation of a significant number of large, faceted, hollow Cu 6 Sn 5 particles in which Cu x Al y appeared to be entrapped [see Figures 4A1-E1 and A2-D2]. Assuming a single-particle size distribution, the Cu 6 Sn 5 average particle size was 2.7 ± 0.5 lm, as compared to the average size of 0.6 ± 0.3 lm in the DAS sample. Although the average particle size is essentially constant as a function of reflow cycles [i.e., an average Cu 6 Sn 5 particle size of 2.5 ± 0.4 lm after five reflows ( Figure 5(b) )], the particle size distribution became bimodal with reflow cycling, with a lower average at 1.9 ± 0.8 lm and a higher average at 20 ± 5.1 lm after five reflow cycles (Figures 5(b) and 6(d) ). There was no observed increase in the average particle size or size distribution for either of the bimodal distributions as a function of reflow cycles. It is interesting to note that the average Cu 6 Sn 5 particle size (20 ± 5.1 lm) after five reflow cycles fits the average particle size/cooling rate trend discussed in Part I. [4] In Part I, the average Cu 6 Sn 5 particle sizes from the DSC cooled samples was 79 ± 37 lm (1°C/min) and 11 ± 2.1 lm (50°C/min); cooling rates that bracket the 10°C/min cooling rate used for the DAR samples here in Part II. Thus, 79 ± 37 lm (1°C /min DSC) > 20 ± 5.1 lm (10°C/min DAR) > 11 ± 2.1 lm (50°C/min DSC). [4] The volume percentages of Cu 6 Sn 5 phase were variable, ranging from 1.5 to 8.6 pct with no apparent trend with number of reflow cycles. This large variation is likely due to the formation of faceted Cu 6 Sn 5 rods (see Figures 4A1-E1 and A2-D2) and the resulting poor sectioning statistics.
The formation of large faceted Cu 6 Sn 5 particles with reflow cycling can be explained from the solidification path for the alloy (Part I: Figure 1(e) ). [4] The Cu 6 Sn 5 (g) phase within the alloy is predicted to be stable up tõ 513 K (~240°C); therefore, during cycling up to 523 K (250°C), one would expect the Cu 6 Sn 5 phase to melt completely. During cooling, the Cu 6 Sn 5 is predicted to begin forming primary Cu 6 Sn 5 below 513 K (240°C) (assuming no Cu 6 Sn 5 undercooling) and will continue to form primary Cu 6 Sn 5 until the eutectic solidification reaction. Given the high undercoolings observed for the DAR samples 293 K to 323 K (20°C to 50°C), proeutectic formation and growth of the Cu 6 Sn 5 could continue until b-Sn nucleates and the eutectic reaction occurs, which can occur at an undercooling of as high as 333 K (60°C), or with a cooling rate of 10°C/min (0.17°C /s), for as long as 6 minutes. If Cu 6 Sn 5 melts completely during each cycle, it is expected that there will be an initial jump in the average particle size compared with the as-solidified microstructure after the first cycle; after which, the average particle size is not expected to change ( Figure 5(b) ). This prolonged proeutectic formation of the Cu 6 Sn 5 phase would have allowed sufficient time for growth of the large, faceted Cu 6 Sn 5 particles observed throughout the DAR samples (see Figures 4A1-E1 and A2-D2) . Additionally, Cu x Al y particles were observed within the large, faceted Cu 6 Sn 5 particles ( Figures 4A(2)-D(2), 4C(3), and 4D(3) ). Smaller particles of Cu 6 Sn 5 could also be found growing from the surfaces of the Cu x Al y particles ( Figure 4A(3) ), and clusters of Cu x Al y particles were often found near the large, faceted Cu 6 Sn 5 particles (Figures 4A(2) , C(2), and E (2)). Despite the large undercoolings in the DAR sample, it is apparent that there were a large number of small Cu 6 Sn 5 particles formed during the eutectic reaction and with heterogeneous nucleation on the Cu x Al y particles. Qualitatively, the heteroepitaxial relationship between Cu 6 Sn 5 and Cu x Al y was maintained as a function of reflow cycles. To summarize the reflow cycling results for the DAR alloy, the Cu x Al y particles showed little-to-no coarsening during reflow, and any coarsening measured for the Cu x Al y particles could be attributed to the clustering and sintering of multiple Cu x Al y particles, as seen in Figure 7 (a). The Cu 6 Sn 5 particles melted completely upon reflow cycling to 523 K (250°C) and displayed similar primary Cu 6 Sn 5 microstructures regardless of the number of reflow cycles. The complete melting of Cu 6 Sn 5 particles during reflow is also supported by the observed increase in the Cu 6 Sn 5 average particle size after the first reflow cycle as compared with the DAS microstructure; i.e., the Cu 6 Sn 5 particle size produced by drip atomization was significantly smaller than during reflow cycling, with no change in particle size with additional reflow cycles ( Figure 5(b) ). and it can be seen that the ribbon fragments sometimes coalesced into a single sample on melting since only one solidification peak appears on cooling. The particle size and volume percentage data for the Cu x Al y and Cu 6 Sn 5 phases are presented in Table V. The as-solidified Cu x Al y and Cu 6 Sn 5 average particle sizes were 0.1 ± 0.1 and 0.5 ± 0.4 lm, respectively. Over the course of five reflow cycles, the average Cu x Al y particle size coarsened slightly from zero to two reflow cycles; the Cu 6 Sn 5 average particle size was relatively constant, with some large Cu 6 Sn 5 particles observed, it but did not display any consistent coarsening trend. The average IMC particle sizes as a function of reflow cycling are shown in Figure 13 . It can be seen that no consistent coarsening trend can be seen in the data for either phase. A comparison between the as-solidified and five-cycle reflow particle size distributions for both phases is shown in Figure 14 . A slight broadening of both distributions is noted after five reflow cycles.
The Cu x Al y average particle size after five reflow cycles to 523 K (250°C) was 0.3 ± 0.1 lm. The largest Cu x Al y particle after five reflow cycles was 2.1 lm, which is larger than the 1.0-lm maximum Cu x Al y particle size observed for the as-solidified MSR sample. The Cu x Al y volume percentage ranged from 2.0 ± 0.7 pct after one cycle to 2.6 ± 1.1 pct after five cycles. Given the standard deviations of the Cu x Al y volume percentage measurements, the measured volume percentages after reflow were comparable to the calculated Cu x Al y volume percentage based on the alloy composition (2.39 pct). Figure 13(a) shows the Cu x Al y average particle diameter as a function of reflow cycles for the MSR sample. As with the DAR samples, little coarsening of the Cu x Al y phase occurred during reflow cycling of the MSR sample. The increase in standard deviation of the Cu x Al y particle size after the first reflow cycle reflects a wider particle size distribution than the RSP MSR alloy, as seen in Figures 14(a) and (b) .
The MSR Cu 6 Sn 5 average particle size did not vary systematically with the number of reflow cycles, although an increase in the maximum Cu 6 Sn 5 particle size was observed with increasing cycles. Given that Cu 6 Sn 5 was expected to be stable at the maximum reflow temperature, one might have expected significant and progressive coarsening of Cu 6 Sn 5 with increasing reflow cycles. This was not the case for the reflowed MSR samples. Prior to reflow cycling, the average as-solidified Cu 6 Sn 5 particle size in the MSR was 0.5 ± 0.4 lm, with a maximum particle size of 2.7 lm. After five reflow cycles, the average Cu 6 Sn 5 particle size was still 0.5 ± 0.4 lm, with a maximum measured particle size of 4.5 lm. The largest Cu 6 Sn 5 particle size (13.8 lm) was measured after three reflow cycles. These data, therefore, do not indicate any systematic changes in average Cu 6 Sn 5 particle size or maximum particle size with reflow cycling. The volume percentage of the Cu 6 Sn 5 phase also showed significant scatter, ranging from 1.3 ± 0.2 pct after two reflows to 5.5 ± 4.8 pct after four reflows, with a theoretical volume percentage of 1.90 pct. The variability in the maximum Cu 6 Sn 5 particle size and the volume percentage with reflow cycling is apparent in their microstructures, with a few large Cu 6 Sn 5 particles observed in the 2-D cross sections (Figures 11(e) and (f) ). Similar to the DAR samples, serial sectioning and analysis by SEM/EDS and EBSD of a larger sample set would likely improve the volume percentage measurements and statistics for reflowed MSR alloys.
The particle size and morphology changes of the MSR samples during reflow can be discussed in terms of its solidification path [See Part I: Figure 1(f) ]. [4] During reflow cycling up to 523 K (250°C),~76 pct of the Cu 6 Sn 5 phase was predicted to melt, with the Cu 6 Sn 5 melting point of~540 K (~267°C) for this alloy. During Table V . Cu reflow, it is then expected that the stable percentage might coarsen, and then serve as preferential sites for re-solidification on cooling from 523 K to 488 K (250°C to 215°C) (undercooling of the eutectic transformation was~10°C), or for a total of~4.5 minutes. Some relatively large, irregular Cu 6 Sn 5 particles were noted within the reflowed microstructure (maximum Cu 6 Sn particle size = 13.8 lm), but no faceted, hollow Cu 6 Sn 5 particles, typical of primary Cu 6 Sn 5 phase formation in many Sn-based alloys, were observed in the 2-D cross sections of the MSR reflow samples, in contrast with the DAR alloy (Figures 12(e) and (f) ). The nonfaceted Cu 6 Sn 5 morphology appears to be characteristic of this alloy, whether in the as-solidified MSR samples or after reflow cycling. One might have expected the~24 pct of the Cu 6 Sn 5 phase predicted to remain solid during the temperature cycling to progressively coarsen during the reflow cycling, but as the average Cu 6 Sn 5 particle measurements reflect, the Cu 6 Sn 5 particles did not experience significant coarsening during the reflow procedure ( Figure 13(b) ).
To summarize the reflow behavior of the MSR sample, little-to-no change in particle size and morphology was noted for the Cu x Al y phase, although clustering of Cu x Al y was observed, either due to buoyancy of the phase in the liquid-Sn and/or association with Cu 6 Sn 5 . The Cu 6 Sn 5 phase displayed little increase in average particle size within reflow cycling, but an increase in the maximum particle size was noted. Most Cu 6 Sn 5 particles showed little coarsening during reflow cycling; however, a few irregularly shaped, nonfaceted Cu 6 Sn 5 particles displayed modest growth, with the largest particle measured at 13.8 lm. The result was a Cu 6 Sn 5 particle size distribution with the average particle size similar to the as-solidified Cu 6 Sn 5 particle size and a tail in the distribution at larger particle sizes (Figure 14(d) ). Finally, it must be stated that although the potential for microstructural evolution in solder alloys at room temperature can often be important, the resistance of the Cu x Al y phase to coarsening in both alloys examined here suggests that this is not important for Cu x Al y. In addition, the RSP alloys produced in Part I did not display any IMC coarsening with storage time at room temperature. It is because of those observations, and the results presented here in Part II, that the authors believe the IMC phases to be quite stable at room temperature, only undergoing microstructural changes at higher temperatures when the temperature stability of the IMC phases changes and high undercoolings in the alloy occur during solidification.
IV. CONCLUSIONS
Solder alloy reflow experiments were performed using DSC temperature cycling [293 K to 523 K (20°C to 250°C)] using two Sn-Al-Cu alloys prepared as drip atomized spheres (10 4°C /s) and melt spun ribbon (5-m/s wheel speed: 10 5°C /s). These two alloys were chosen based on their different solidification paths to examine microstructure evolution during the multiple melting and solidification cycles (reflow) experienced by solder joints during circuit board assembly. The coarsening behavior of the Cu x Al y and Cu 6 Sn 5 phases was characterized for the two alloys (DA: Sn-2.59Cu-0.43Al at. pct and MSR: Sn-5.39Cu-1.69Al at. pct). In both alloys, the Cu x Al y particles displayed little-to-no coarsening throughout reflow cycling; however, the temperature stability of the Cu 6 Sn 5 phase and the b-Sn undercooling for each alloy composition was shown to affect directly the morphologies of the Cu 6 Sn 5 particles. For both reflowed alloys, the spatial distributions of the Cu x Al y and Cu 6 Sn 5 phases were heterogeneous, but the spatial relationship (and inference of the orientation relationship) between the two phases was qualitatively maintained after reflow cycling.
Large, faceted primary Cu 6 Sn 5 rods formed in the DAR samples after the first reflow and did not coarsen during subsequent reflow cycles (see Figures 4A1-E1 and A2-D2). This was attributed to the slow cooling rate to room temperature and the large undercoolings measured for the DAR samples leading to metastable Cu 6 Sn 5 formation far below the eutectic. In addition, a bimodal Cu 6 Sn 5 particle size distribution was also observed, with the smaller particle size distribution corresponding to the ternary eutectic reaction and the second due to the formation of proeutectic Cu 6 Sn 5 particles that grew significantly during the large undercooling (maximum Cu 6 Sn 5 particle size = 162 lm). The spatial relationship between the Cu 6 Sn 5 and Cu x Al y particles, i.e., clustering of Cu x Al y embedded in or near large Cu 6 Sn 5 particles, was maintained for all reflow cycles. Additionally, the Cu x Al y particles in the DAR alloy appeared to form oriented clusters, with Cu x Al y particles joined (sintered) along facet planes, particularly as seen in the slower cooled ''book mold'' samples.
For the MSR alloy, the Cu x Al y IMC particles also displayed little-to-no coarsening and no morphology changes were observed after reflow cycling. The Cu x Al y particles also showed progressive clustering throughout the course of the five reflow cycles, leading to increasing heterogeneity of the MSR microstructures with increased number of reflow cycles. It is surprising to note that little coarsening was observed for the Cu 6 Sn 5 phase within the MSR alloy. Given the stability of the Cu 6 Sn 5 phase at temperatures below~540 K (~267°C) for the MSR alloy, one might have expected rather significant and progressive coarsening to have taken place during the reflow cycling. Contrary to this hypothesis and possibly due to the reduced b-Sn undercooling in the alloy (~10°C), the Cu 6 Sn 5 particles displayed little coarsening during reflow, with the exception of a small number of irregularly shaped, nonfaceted particles displaying modest coarsening (maximum Cu 6 Sn 5 particle size = 13.8 lm). Qualitative maintenance of the Cu x Al y /Cu 6 Sn 5 spatial and morphological relationship was observed after reflow cycling of the MSR samples, with Cu x Al y particles found clustered near and within Cu 6 Sn 5 particles.
This study highlights the importance of b-Sn undercooling in the maintenance of as-solidified solder microstructures during multiple reflow cycling. Based on the Sn-Cu-Al alloy results examined here, large undercoolings, such as those experienced by the DAR samples, must be avoided if significant growth of the Cu 6 Sn 5 phase is to be suppressed. Increased microstructural heterogeneity of the solder alloys, especially in terms of Cu x Al y particle clustering, is still an important issue, but increased heterogeneity of the microstructures can be partially controlled by reducing the growth of the Cu 6 Sn 5 phase. The ability to control solder IMC spatial relationships not only during initial solidification, but also after reflow cycling, such as observed here for Cu x Al y /Cu 6 Sn 5 in both alloys, is an important observation and can potentially be leveraged to improve solder joint mechanical properties and reliability.
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